Introduction {#sec1}
============

Keratoconus is a bilateral progressive non-inflammatory disease which can present as corneal stromal thinning in either gender.[@bib1], [@bib2] Reported prevalence rates of the disease range from 20 in 100,000[@bib3], [@bib4] to 1 in 500,000.[@bib5] They vary in relation to environmental, genetic, and ethnic factors, and prevalence rates are different in different races.[@bib6]

According to a study in the UK, the prevalence of keratoconus is 4.4--7.5 times higher in Asian populations compared to white populations.[@bib7], [@bib8] Epidemiologic studies in Iran have reported rates between 0.75% and 3.5%, and they varied by the studied population in different areas and the imaging system used for this purpose.[@bib9], [@bib10], [@bib11] Keratoconus was first described by John Nottingham more than 150 years ago, but in the past decades, our understanding of the disease and its treatment options have dramatically changed.[@bib11] As technology enhances, corneal specialists are devising novel techniques for the effective treatment of keratoconus.

Multiple genes are involved in the development of keratoconus with a relatively high prevalence of positive family history.[@bib12], [@bib13], [@bib14] Although both genders are affected, men seem to be more commonly involved.[@bib8], [@bib15], [@bib16], [@bib17] The etiology of keratoconus is still unknown. However, we know the disease is multifactorial and influenced by genetic, environmental, and biochemical factors.[@bib16], [@bib18] The onset of symptoms can be during adolescence and young adulthood, and it may manifest as reduced vision, corneal astigmatism, increasing higher order aberrations, and fluctuating vision.[@bib7], [@bib12]

Subjects with genetic predisposition are also affected by environmental factors.[@bib19] In most cases, the disease is unilateral, although in one study it was stated that after 16 years, 50% of cases show signs in the fellow eye as well.[@bib20]

In advanced stages of the disease, there is severe vision reduction due to high myopia, irregular astigmatism, and corneal scarring.[@bib18], [@bib21] In 12--20% of cases, the disease may lead to corneal transplantation.[@bib2], [@bib22], [@bib23], [@bib24]

Various grading systems are available for grading keratoconus. The most important ones include the Amsler-Krumeich classification system which classifies cases based on the amount of myopia and astigmatism, corneal thickness or scarring, and central k-readings.[@bib25] Other systems include the Shabayek-Alió grading system which considers corneal higher order aberrations[@bib26] and the keratoconus severity score (KSS) system which classifies cases based on average corneal power and root mean square (RMS).[@bib27] Depending on the grading system, various treatment nomograms have been proposed; however, despite extensive studies on the management of keratoconus, there is still no standard protocol for the treatment of patients with different degrees of keratoconus. Nonetheless, the main goal of novel approaches introduced in recent years is to improve vision and prevent vision loss at advanced stages of the disease. This article will review various modalities available for the treatment of keratoconus with special focus on evidence-based and clinical applications to provide the practitioner with practical and useful information for selecting the most suitable option for each individual patient.

Methods {#sec2}
=======

The literature review for this study was based on a search in PubMed (United States National Library of Medicine) and Scopus (Elsevier BV) databases using the following keywords: "keratoconus" and "contact lens" or "cross-linking" or "Intacs" or "keratoplasty" or "gene therapy" or "irregular astigmatism" for a time frame between 2003 and 2017. Retrieved articles were first reviewed by title and abstract, and then the full texts of relevant articles were examined and reviewed regarding parameters related to the diagnosis and treatment of the disease.

Spectacles and contact lenses {#sec2.1}
-----------------------------

The management of keratoconus depends on the disease progression and its stage. Spectacles can provide acceptable vision for patients in very early stages, and they are especially appropriate for those who achieve 20/40 or better visual acuity. However, spectacles cannot correct irregular astigmatism, and in such cases, hard contact lenses can provide better vision for the patient.[@bib28] Current advances in contact lens design offer various fitting options for the correction of irregular astigmatism in keratoconus patients. In addition, novel imaging technologies such as corneal topography and anterior segment optical coherence tomography (OCT) can be helpful in fitting modern lenses.[@bib29] Different lenses can be fit depending on the type, location, and the size of the cone.[@bib30] Such developments in ophthalmology support improved comfort for contact lens wearers while corneal health is maintained.

Contact lenses can provide acceptable vision for most keratoconus patients, and a variety of lenses can be suggested depending on disease progression.[@bib31] In early stages, a Toric soft lens may be sufficient for correcting myopia and regular astigmatism. However, as the diseases progresses, such lenses are no longer capable of correcting the refractive error, and there is need for special lenses such as Rose K, hybrid lenses, piggy back, or scleral lenses.[@bib32]

Studies indicate that various RGP lenses do not differ in terms of visual acuity results, but certain lenses such as Rose K can be more comfortable to the patient to wear over long hours and are more tolerable.[@bib32], [@bib33] The new generation of lenses can be used for cases who cannot tolerate RGP lenses or lack proper centration due to the advanced stage of the disease.[@bib34], [@bib35] These lenses offer patients more stable vision, but although they support better corneal oxygenation, the risk of hypoxia still exists, and the technique for placing and removing them can be difficult to handle.[@bib36], [@bib37]

Choosing the appropriate type of lens and proper fitting can help avoid the need for corneal transplantation in severe cases of keratoconus. Even after corneal grafting, patients may need special contact lenses to correct residual astigmatism. Smiddy et al. have shown that up to 70% of patients can successfully use contact lenses after corneal grafting.[@bib28] Patients may need to use contact lenses after cross-linking or ring implantation, and the fitting pattern can be different from that in untreated eyes.[@bib32]

Corneal collagen cross-linking {#sec2.2}
------------------------------

Corneal collagen cross-linking (CXL) is a novel invasive method for modifying the stromal structure of the cornea which has recently been approved by the Food and Drug Administration (FDA) for the management of advanced cases of keratoconus. This method relies on the interaction between UVA at a wavelength of 370 nm and topical riboflavin (vitamin B) for 30 min. The main effect of CXL is that it prevents disease progression through the formation of chemical bonds among collagen fibrils. As the pioneers of the procedure, Wollensak et al. examined the cornea after CXL using a microcomputer-controlled biomaterial tester and observed 328.9% increased corneal rigidity.[@bib38] Various studies have concluded that this treatment approach can reduce corneal ectasia.[@bib8], [@bib39], [@bib40], [@bib41] It is recommended for younger patients with high risk of progression as well as those who have a clear cornea with a minimum thickness of 400 microns (μm).[@bib42] Some of these studies have had 3 or more years of follow-up times,[@bib41], [@bib43], [@bib44], [@bib45], [@bib46], [@bib47], [@bib48], [@bib49], [@bib50] and they confirm the safety and efficacy of this method ([Table 1](#tbl1){ref-type="table"}).Table 1Summary of studies using cross-linking alone or combined with other techniques for the treatment of keratoconus.AuthorsCountryDesign (eyes)Follow-up (m)ResultsCaporossi et al *(2006)*[@bib41]ItalyCase series (10)3Kmax decreased by 1.9 D;\
BCVA improved 1.66 lines.Raiskup-wolf et al *(2008)*[@bib43]GermanyRetrospective case series (241)6--72Kmax decreased by 2.57 D;\
BCVA improved to 58%.Grewal et al. *(2009)*[@bib44]IndiaUncontrolled, prospective trial (102)12Stable BCVA, spherical equivalent and corneal curvature.Coskunseven et al. *(2009)*[@bib45]TurkeyControlled (fellow eye) non-randomized (19/19)5--12Kmax decreased by 1.57 D;\
BCVA improved by 0.10.Kanellopoulos (2009)[@bib46]GreeceProspective study (325)24--68The mean UCVA and BCVA improved in both groups, and mean reduction in spherical equivalent refraction and K were 2.50 ± 1.20 D and 2.75 ± 1.30 D, respectively, in PRK group.\
Mean reduction in spherical equivalent refraction and K were 3.20 ± 1.40 D and 3.50 ± 1.3 D respectively, in simultaneous group. UCVA and BCVA, a greater mean reduction in spherical equivalent refraction and keratometry, and less corneal haze were seen in PRK plus CXL group.Richoz et al. (2013)[@bib47]SwitzerlandRetrospective, interventional cases series (66)12--62BCVA improved 1 line or more in 19 cases; mean K (max) reduced 2 D after CXL and keratoconus index reduced; the R (min) after CXL increased (P \< 0.001).Witting-Silva et al. *(2014)*[@bib48]AustraliaProspective, randomized controlled trial (100)3, 6, 12, 24, and 36Kmax flattened by −0.72 ± 0.15 D, −0.96 ± 0.16 D, and −1.03 ± 0.19 D at 12, 24, and 36 months, respectively both UCVA and BCVA improved at 36 monthsKymionis GD et al. *(2014)*[@bib49]GreeceProspective case series (23)24--56The mean UCVA improved from 0.99 ± 0.57 logMAR preoperatively to 0.61 ± 0.36 logMAR at the last follow-up. The mean BCVA, from 0.27 ± 0.24 logMAR to 0.17 ± 0.14 logMAR;\
The mean steep and mean flat keratometry decreased from 53.39 ± 7.14 D and 47.17 ± 4.87 D.Kontadakis GA et al. *(2016)*[@bib50]GreeceProspective, comparative interventional case series (60)36BCVA was 0.09 ± 0.10 logMAR in the tPRK-CXL group and 0.15 ± 0.12 logMAR in the CXL group.\
UCVA was 0.27 ± 0.25 logMAR in the tPRK-CXL group and 0.69 ± 0.58 logMAR in the CXL group. Improved in 2 lines.[^1]

The "Dresden Protocol" is the common protocol for standard CXL which has been found suitable for corneas that exhibit a minimum thickness of 400 μm.[@bib44], [@bib51] However, as keratoconus progresses, corneal thickness tends to reduce to below 400 μm, and in these cases, the standard approach may lead to endothelial cell count loss; therefore, a hypo-osmolar riboflavin solution is recommended for thin corneas.[@bib45] Two other approaches for CXL are the epithelium-off and epithelium-on methods. The former approach is based on the Dresden protocol and can lead to corneal stromal opacity, inflammation, and pain.[@bib48], [@bib50] The epithelium-on approach is a modified technique which is completed without epithelial debridement. Studies have reported inconsistent results with this method, and it should be avoided in cases with dry eye or very thin corneas that have reduced epithelial thickness.[@bib52], [@bib53], [@bib54]

Since the conventional cross-linking protocol is time consuming, today the alternative method or the high-fluence accelerated CXL is used instead. With this method, the UV irradiation time is reduced by increasing the intensity of the irradiance.[@bib55] Several protocols are available, and the goal is to reduce the treatment time and minimize patient discomfort. Studies have shown that Kmean and Kmax are reduced with this method, the cornea achieves stabilization,[@bib55], [@bib56] and similar to the standard method, disease progression is slowed or halted.[@bib55], [@bib56], [@bib57], [@bib58], [@bib59] Complications reported in association with cross-linking include haze,[@bib60] corneal infection,[@bib61] corneal edema,[@bib62] and rarely corneal melting.[@bib63] Nonetheless, success rates with this method are quite high.[@bib64], [@bib65]

CXL is performed only or in combination with photorefractive keratectomy (PRK), laser assisted in situ keratomileusis (LASIK), thermal keratoplasty, Intacs, and orthokeratology for better improvement of visual acuity ([Table 1](#tbl1){ref-type="table"}).[@bib49], [@bib50], [@bib66], [@bib67], [@bib68], [@bib69], [@bib70] McQuaid et al. conducted a 6-year follow-up study and observed that the achieved corneal flattening was more than 2.0 diopters (D) in 70% of the cases and visual acuity had improved. The authors also state that PRK alone can only reduce the corneal power by 10%, but its efficiency can be increased by 70% if done in conjunction with CXL.[@bib71] Further studies are needed to determine the efficacy and long-term stability of CXL and its potential issues in combined approaches.

Intrastromal corneal ring segment {#sec2.3}
---------------------------------

Intrastromal corneal ring segments (ICRS) are made of polymethyl methacrylate (PMMA) and are implanted deep in the stroma to reduce the corneal curvature. These rings were first assessed for the treatment of myopia[@bib72], [@bib73]; ICRS manage myopia and keratoconus with different mechanisms. In myopia, they flatten the cornea which improves vision by refocusing light rays, while in keratoconus, ICRS reduce corneal distortion by flattening the steep area of the cornea and reshaping it.[@bib74] Burris et al. reported favorable outcomes in the treatment of keratoconus and stabilized cases of post-refractive surgery ectasia.[@bib74]

Patient selection criteria for Intacs implantation include severe reduction of visual acuity, lack of functional vision with spectacle or lens correction, minimum age of 21 years, clear central corneas, minimum corneal thickness of 400 μm, and when penetrating keratoplasty (PK) is the only remaining option for regaining visual function.[@bib75] Visual recovery can take 3--12 months after surgery, and the 10-year follow-up study by Torquetti et al. indicated that visual acuity improves and the patient achieves stable visual results.[@bib76] In general, keratoconus patients in the moderate and severe stage of the disease who have no corneal scarring and cannot tolerate contact lenses are the best candidates for intracorneal ring segments. Rings are contraindicated for cases who have a Kmax\>70 D, central corneal scarring, corneal opacity, or hydropsis.[@bib77], [@bib78] Surgical success and vision improvement depend on a number of factors such as proper ring placement, accurate implantation depth, and the diameter of the optical zone. Improper positioning of the ring can lead to overcorrection or undercorrection.[@bib78] In a study by Hashemi et al. on 12 patients with post-LASIK ectasia, best corneal flattening effects were achieved when the ring was implanted at a depth equal to 60--80% of the corneal thickness; rings implanted deeper in the cornea may have no effect on improving visual acuity.[@bib79]

Four types of ICRS are available for keratoconus: 1) Intacs (Addition technology Inc.) 2) Intacs SK (Addition technology Inc.), 3) Ferrara Rings (Ferrara ophthalmics) and 4) Keraring (Mediphacos).

Intacs and Ferrara rings are the more popular types of commercially available ICRS for the management of keratoconus, Intacs is available in 150 arc length segments with a hexagonal cross-section and various sizes ranging from 0.210 to 0.450 mm which are chosen based on the amount and type of refractive errors. These are implanted in the 7--8 mm corneal zone and can correct −8.00 D to +10.00 D.[@bib75] Intacs-SK (severe keratoconus) are used for high amounts of refractive errors and are implanted in the 6--7 mm zone. The cross-section of the Ferrara ring is triangular, and its internal and external diameters are 4.4 and 5.6 mm, respectively ([Table 2](#tbl2){ref-type="table"}).[@bib80] In a previous study, we compared the conventional single segment and SK rings in patients with inferior keratoconus. In both groups, uncorrected and corrected visual acuity (UCVA, BCVA) improved and keratometry reduced, and we concluded that both methods are effective for the treatment of keratoconus.[@bib81] Also, in another study, we studied visual outcomes after MyoRing (Dioptex, GmbH, Linz, Austria) implantation to compare 250 and 300 μm depths. Results were comparable in the two groups, and this method can be applied in keratoconus patients with thinner corneas.[@bib82]Table 2The characteristics of the most popular intracorneal ring segment implants.CharacteristicsINTACSFerrara RingKeraringArc, length/degree15016090,120,160,210,240Cross sectionHexagonalTriangularTriangularThickness/mm0.25--0.45 (0.05 increments)0.20--0.35 (0.05 increments)0.15--0.30 (0.05 increments)Internal diameter/mm6.774.405.0External diameter/mm8.105.606.0

For Intacs insertion, the canal can be created mechanically or with laser femtosecond at a depth of 70--75% of the minimum pachymetry at the insertion site.[@bib81], [@bib82] Some studies have reported good visual results using the mechanical method,[@bib40], [@bib81] but the mechanical technique can be associated with epithelial defects, shallow placement of the segments, stromal thinning, and corneal stromal edema, while the risk of such complications is reduced when femtosecond laser is used.[@bib83] In the study by Piñero et al., higher order aberrations, spherical aberrations, and coma were assessed and compared between these two methods, and a significant difference was observed between mechanical and femtosecond techniques.[@bib84]

Today, Intacs is used in combination with other treatment options such as cross-linking for stabilizing disease progression. In this regard, combining Intacs with riboflavin increases its flattening effect.[@bib85] Combining with CXL is recommended for patients in the moderate to severe stages of the disease who have a minimum corneal thickness of 450 μm.[@bib66], [@bib86], [@bib87] Studies have shown that irregular astigmatism is reduced, and visual acuity can improve by 60% with a decrease in the corneal curvature.[@bib88], [@bib89] Intacs must be implanted before or simultaneously with CXL, and the reverse, i.e. first CXL and then ring implantation because the corneal structure is changed, and it can have little effect in flattening the cornea.[@bib90], [@bib91], [@bib92] Further investigations seem to be necessary to study long-term effects of such combined procedures.

There are a variety of nomograms for the treatment of keratoconus which are mainly based on the grade of keratoconus, risk factors, the progressive nature of the disease, and contact lens tolerance or intolerance.[@bib42], [@bib93], [@bib94], [@bib95] Nonetheless, based on their previous experiences, the authors of this article suggest the simpler and more practical approach, presented in [Fig. 1](#fig1){ref-type="fig"}, to select the most appropriate management that would help improve visual acuity in keratoconus patients.Fig. 1Surgical algorithm for management of keratoconus. \*Age\<25 years should be considered as progressive keratoconus. \*\* Rigid gas permeable (RGP) lenses should be considered in any case if tolerant. \*\*\* Photorefractive keratectomy (PRK) is only recommended for age\>25 years and in conjunction with corneal cross-linking (CXL). BCVA: Best corrected visual acuity, CCT: Central corneal thickness, RSB: Residual stromal bed, KR: Keratometry reading, D: Diopter, CXL: Cross-linking, PRK: Photorefractive keratectomy, DALK: Deep anterior lamellar keratoplasty, PK: Penetrating keratoplasty.

Based on various studies mentioned in previous sections, most study the efficacy and stability of CXL, either alone or in combination with other treatment modalities.[@bib96]

Combined MyoRing and corneal cross-linking as a novel technique {#sec2.4}
---------------------------------------------------------------

Intracorneal continuous rings (ICCR) were first used in myopes by Binder in 1980 with no clinical results.[@bib97] As technology advanced, easier and safer methods were introduced for canal creation and ring insertion. A new design of this type is the Myoring (Dioptex, GmbH) which is suitable for the treatment of keratoconus, myopia, and post-LASIK ectasia.[@bib52], [@bib53], [@bib54] It is still unclear whether MyoRing for non-central keratoconus works as well as with central keratoconus, but several studies have shown that MyoRing is effective in the treatment of irregular astigmatism.[@bib98], [@bib99], [@bib100], [@bib101]

In a new approach, we combined MyoRing with accelerated CXL using Dextran-free riboflavin in patients with advanced keratoconus. After creating a corneal pocket with femtosecond laser, riboflavin was injected into it. At two years after the procedure, the central keratometry was significantly reduced. We believe that MyoRing conducted with femtosecond laser combined with accelerated CXL is safe and effective in the treatment of keratoconus and improves visual acuity ([Fig. 2](#fig2){ref-type="fig"}, [Fig. 3](#fig3){ref-type="fig"}).[@bib102]Fig. 2Slit-lamp image of a keratoconus eye implanted with MyoRing.Fig. 3MyoRing combined with cross-linking done in a keratoconus patient. A) Preoperative: −6.00/-5.50--170, Visual acuity: 20/50; B) 12 month postoperative: −1.00/-3.00--165, Visual acuity: 20/30.

Although intracorneal ring segments have shown good results in terms of improved visual acuity in keratoconus patients, certain complications can be expected during or after surgery. Intraoperative complications are rare, and they are usually related to creating the corneal tunnel, insufficient tunnel depth, asymmetry or decentration, or bowman\'s layer perforation.[@bib80], [@bib103], [@bib104] Corneal neovascularization, keratitis, deposits around ring segment, corneal haze, halos, pain, corneal melting or edema, segment extrusion, visual fluctuation, and photophobia are rare postoperative complications.[@bib88], [@bib104], [@bib105], [@bib106]

The reported rate of postoperative complications ranges between 0.5% and 30%.[@bib107], [@bib108] Creating the tunnel with femtosecond laser instead of manual dissection can reduce the rate of complications. Kanellopoulos et al. who studied Intacs implantation in 20 cases of moderate and severe keratoconus reported segment migration in 6 eyes and corneal neovascularization in one case at 6 months after the procedure.[@bib107] Ibrahim et al. reported one case of neovascularization at 18 months after surgery.[@bib108] Keratitis is a rare infection which has been reported in less than 2% of cases.[@bib109], [@bib110], [@bib111]

Phakic intraocular lenses {#sec2.5}
-------------------------

Phakic intraocular lenses (PIOLs) are recommended for cases with high irregular astigmatism such as pellucid marginal degeneration, and keratoconus who are at least 21 years of age do not achieve sufficient correction with spectacles or contact lenses, and are not suitable candidates for refractive surgery or excimer laser procedures.[@bib112], [@bib113] The lenses may be designed for implantation in the anterior or posterior chamber, and different types include the anterior chamber angle-fixated PIOL (Alcon AcrySof Cachet Phakic IOL), anterior chamber iris-fixated PIOL (Artisan/Verisyse™ and Artiflex/Veriflex™ PIOL), and posterior chamber PIOL \[Visian Implantable Collamer Lens (ICL) STAAR Surgical; Epi.Lens, Acri.Tec (Carl Zeiss Meditec, Jena, Germany)\].

Toric PIOLs, which are specially designed for cases of astigmatism, are recommended for patients with progressive keratoconus, and the procedure can be combined and performed simultaneously with CXL or ICRS.[@bib114] A summary of various reports recommending the use of PIOLs.[@bib113], [@bib114], [@bib115], [@bib116], [@bib117], [@bib118], [@bib119], [@bib120], [@bib121], [@bib122], [@bib123], [@bib124], [@bib125], [@bib126] Based on these studies, PIOLs can be useful in reducing myopia and irregular astigmatism in different stages of keratoconus, especially in grades I and II of the disease and in cases of advanced keratoconus to correct the residual refractive error after deep anterior lamellar keratoplasty (DALK), and one-year visual outcomes in terms of UCVA and BCVA have been acceptable with no severe intraoperative or postoperative complications ([Table 3](#tbl3){ref-type="table"}).[@bib114], [@bib115], [@bib127], [@bib128], [@bib129], [@bib130], [@bib131], [@bib132] [Fig. 4](#fig4){ref-type="fig"} demonstrates a patient with high astigmatism and myopia with thin cornea for which we used PIOLs. For patients who have a cornea too thin for LASIK, PIOL implantation can be very effective. However, the use of intraocular lenses in patients with keratoconus is still under investigation, and further studies with more thorough follow-ups are necessary.Fig. 4Patient with superior steepening and high myopia, preoperative: −6.00/-2.25--20, Visual acuity: 20/30; A phakic intraocular lens was implanted for correction.Table 3Different results of phakic intraocular lenses (PIOL) studies.AuthorsCountryDesign (eyes)Follow-up(m)ResultsKamiya K et al. *(2008)*[@bib114]Japan- (4)--Preoperatively, manifest refraction was −10.00--6.00 × 100 in case 1 and -8.00--2.75 × 100 in case 2. Postoperatively, the manifest refraction was +0.50--1.00 × 90 in case 1 and -0.25--1.25 × 100 in case 2.Venter J. *(2009)*[@bib115]UKRetrospective study (18)12The implantation of Artisan in patients with keratoconus and myopia, 94% of eyes had a UCVA of 0.63 or better and 72% of eyes gained one or more lines of BCVA.Güell JL et al. *(2008)*[@bib127]SpainCase series (399)\
Four groups1,3,60Group 4 had a mean preoperative cylinder of −3.24 ± 1.02 D, which decreased to −0.83 ± 0.74 D postoperatively. Implantation of iris-claw PIOLs is an effective procedure.Al-Dreihi MG et al. *(2013)*[@bib128]SyriaCase report12Artisan iris-fixated Toric phakic intraocular lens implanted for the correction of high astigmatism following deep anterior lamellar keratoplasty in a 23-year-old woman. UCVA and BCVA were 20/20 after one-year follow-up and refractive cylinder was −1.00 D and endothelial cell count was 1827 cells/mm2.Alfonso JF et al. *(2014)*[@bib129]SpainCase series (35)12Mean sphere was −5.46 ± 4.17 (SD) and mean cylinder was −3.14 ± 1.19 D. Postoperatively, the mean decimal UCVA was 0.89 ± 0.16 and 43% of eyes gained 1 or more lines. More than 50% of eyes had a Snellen UCVA of 20/20.Venter J *(2015)*[@bib130]UKCase series (103)\
Two groups60The mean BCVA improved from 0.51 ± 0.15 logMAR to 0.34 ± 0.16 logMAR (*P* \< 0.001) in Group 1 and from 0.54 ± 0.17 logMAR to 0.46 ± 0.14 logMAR in Group 2 (*P* \< 0.005). The iris-fixated PIOL was effective option for improving visual acuity in amblyopic eyes.Qin Q et al. *(2017)*[@bib131]ChinaCase series (9)18UCVA and BCVA improved after 6 month after TICL implantation following DALK surgery. The deviation of TICL axis was less than 10° and no severe complication after surgery was found.Tiveron MC Jr et al. *(2017)*[@bib132]BrazilRetrospective case series (24)12UCVA was better in 88% of eyes after Toric Iris Claw phakic intraocular lens implantation following DALK surgery\
92% of eyes had spherical equivalent ≤±1.00D with efficacy and safety 0.93 and 1.00, respectively after 12 month. Mean endothelial cell loss was 6.10% and no severe complication was found after surgery.[^2]

Side effects associated with these lenses include glare and halos,[@bib116], [@bib117], [@bib118] pupil ovalization,[@bib119] intraocular pressure elevation,[@bib120] lens deposits,[@bib121] induced astigmatism,[@bib122] and loss of corneal endothelium.[@bib119], [@bib123], [@bib124] PIOLs should not be used in patients with an endothelial cell count \<2000/mm^2^.[@bib123], [@bib124] Also, PIOL implantation can be followed by cataract formation on account of surgical trauma.[@bib125], [@bib126] Today, the risk of complications is greatly reduced with improved lens designs and materials, and the advent of foldable intraocular lens designs which allow for small incision surgery.

Corneal transplantation {#sec2.6}
-----------------------

Patients with advanced keratoconus cannot achieve sufficient correction and vision with contact lenses, glasses, or even ICRS, and for such patients, keratoplasty (penetrating or lamellar) is used depending on the extent of corneal scarring. Approximately 12--20% of keratoconus patients will eventually need a corneal transplant.[@bib31] For over 70 years, the corneal grafting surgery has been conducted with different techniques for the treatment of keratoconus patients.[@bib133]

PK provides good vision in the long-term. Visual rehabilitation is often slow after PK and is a factor of residual astigmatism after surgery and anisometropia. Pramanik et al. observed that 73% of severe keratoconus patients who had undergone PK had BCVA≥20/40 at 14 years after surgery, and the rate of keratoconus recurrence at 25 years was about 12%.[@bib23]

Long follow-ups have shown rejection rates of 5.8--41% in the first two years.[@bib134], [@bib135], [@bib136] Most patients require spectacles after surgery, and in certain cases, contact lenses can offer 1--2 lines better vision compared to spectacles, but they do not achieve visual stability until one year after surgery.[@bib135], [@bib137], [@bib138], [@bib139], [@bib140], [@bib141] In a 24-month follow-up study by Asena and Altınörs, 83% of the patients needed spectacles, and 17% needed to wear contact lenses.[@bib142]

Despite these results, the development of new techniques such as femtosecond-assisted keratoplasty has improved visual outcomes of corneal grafting.[@bib143], [@bib144] Studies have shown that cases with deep central corneal scarring benefit from PK better than DALK.[@bib145]

In general, despite excellent results with PK, DALK may be performed for keratoconus patients with no risk of endothelial rejection to reduce the dose of steroids and the risk of secondary glaucoma.[@bib146] The term "deep lamellar keratoplasty" (DLK) was first applied by Archila who showed that injecting air into the stroma can facilitate the removal of the host tissue.[@bib147] In keratoconus, the technique is used to reach into stromal depths close to the Descemet\'s membrane (DM). This method allows the surgeon to use larger (9 mm) grafts which support better bonding between the donor and host corneas without placing the endothelium at risk.[@bib148] Parker et al. reported stromal rejection rates of 3--14.3% after DALK, and 3--31% may occur during the first three days after surgery.[@bib113]

Studies have shown that the chances of glaucoma are 40% lower with DALK compared to PK, and this may be due to lesser need for steroids after DALK.[@bib149], [@bib150] Another advantage of this method is the lack of endothelial rejection after DALK because there is no endothelial defense reaction. This is of special importance for young keratoconus patients and those who are at risk of rejection such as patients with atopic dermatitis.

The specific strategies outlined for standardizing the DALK procedure have helped reduce intraoperative and postoperative complications. This surgical method is now safer and more reproducible and is known as a standard procedure in the treatment of keratoconus.[@bib151] The different techniques of DALK include layer-by-layer manual dissection, Archila, Melles, Anwar\'s big-bubble, viscoelastic dissection, hydrodelamination, and femtosecond laser-assisted DALK.[@bib148]

The layer-by-layer method is used in those with stromal scarring and is a time-consuming approach.[@bib152] In the Archila technique, air is injected into the cornea until it is opaque, then a deep incision down to the DM is made such that a layer of stroma is maintained to protect the DM.[@bib153] In the Melles technique, the aqueous in the anterior chamber is completely replaced with an air bubble. The difference between the refractive indices of air and the corneal tissue creates a mirror image which helps determine the depth of the incision and location of the DM.[@bib154]

The big bubble technique, which was introduced by Anwar and Teichmann,[@bib155] constitutes the injection of air deep into the stroma, and the surface of DM appears smooth after removing the stroma. The air is injected slowly until a large bubble is formed, and then, the anterior two-thirds of the cornea is debulked using a crescent blade. With viscoelastic dissection, the anterior stroma is removed, and then air is injected into the anterior chamber, and finally, the posterior stroma is separated from the DM using an ophthalmic viscoelastic device (OVD).[@bib156] During the hydrodelamination technique, which was described by Sugita and Kondo,[@bib157] a saline solution is injected into the cornea to separate the stroma, and then lamellar dissection is done deep down to the DM.

Today, the use of femtosecond laser is of special importance in ophthalmology, and its use in femtosecond laser-assisted DALK allows the surgeon to make incisions at specific depths and precision levels of 0.1 mm[@bib158] without any damage to the surrounding tissues, and thus, better matching between the donor and host tissues which may lead to faster visual rehabilitation.[@bib158], [@bib159] There are also various methods for stitching the donor cornea to the host bed using Mersilene and 10-0 nylon. Stitches can be used alone or in combination, and it is important that they contain a large percentage of the cornea to prevent their loosening in the future.[@bib160] The availability of different methods helps surgeons use the appropriate method under different circumstances.

Studies have shown that visual rehabilitation is better with DALK compared to PK, but refractive and topographic outcomes are comparable between the two methods. The reported rates of postoperative complications such as graft rejection, secondary glaucoma, complicated cataracts, and constant endothelial cell loss are higher with PK.[@bib135], [@bib161], [@bib162], [@bib163], [@bib164], [@bib165], [@bib166]

Conductive keratoplasty and new microwave procedure {#sec2.7}
---------------------------------------------------

Conductive keratoplasty (CK) is a non-invasive treatment and tissue-saving technique. In this method, no laser or incisions are involved. Instead, radio wave (350 HZ) energy is applied to the corneal stroma at 8--32 points. As a result of the generated heat, tissue temperature may rise up to 65 °C which causes permanent collagen shrinkage, corneal steepening in flat regions, and correction of refractive errors through corneal remodeling. In this method, since no tissue is removed, it may also be effective for thin corneas.[@bib167], [@bib168] This method was FDA approved in 2002 and can be used for the correction of low and moderate hyperopia (+0.75 to +3.00 D) and astigmatism less than 0.75 D.[@bib169], [@bib170] In addition, this method is used for the treatment of presbyopia[@bib171], [@bib172], [@bib173], myopic over-correction or induced hyperopia and astigmatism after myopic LASIK or PRK[@bib59], [@bib168], [@bib174], [@bib175] and residual astigmatism after cataract surgery, and results have shown to be safe and effective.[@bib176] However, it seems that CK alone may not be effective for high astigmatism and keratoconus, and it needs to be combined with other options, or the surgeon may need to apply more spots in flat areas.[@bib174], [@bib177] Using topography-guided conductive keraoplasty (TGCK) in advanced keratoconus, Kato et al. observed stable vision improvement at 12 months after surgery in 70% of the eyes.[@bib178] This surgical technique is suggested for cases of non-progressive advanced keratoconus who cannot tolerate contact lenses.[@bib179] Alio et al. also used CK for corneal remodeling in keratoconus patients. In their method, the probe is placed in thin and non-ectatic areas of the cornea to achieve selective steepening in flat regions of the cornea. Postoperatively, significant changes were observed in patients\' topography, and their visual acuity improved;[@bib168] however, unlike cross-linking, CK cannot stop disease progression and may be more effective when combined with cross-linking. Limited studies have been published in this field as case reports. Kymionis et al. compared combined CK-CXL versus CXL alone in a study of two keratoconus cases and showed little difference in terms of visual acuity.[@bib180] In 2012, Keraflex was introduced as a new method for keratoconus treatment. In this method, low energy microwaves are used for less than 1 second along with mitomycin and UV rays as accelerated CXL. This method, which is performed with the Vedra System, causes central corneal flattening while protecting the integrity and biomechanics of the cornea. As the tissue temperature rises, collagen shrinkage occurs at 150 μm in the stroma, and to prevent damage to the Bowman layer during treatment, the Vedra KXS cooling system is used. With this method, increased corneal sphericity and reduced keratometric values can improve contact lens tolerance for patients, and refractive status improves as a result of decreased higher order aberrations.[@bib181] The main goal of this method is to maintain the results and refractive stability with cross-linking, but it seems that corneal collagen cross-linking is effective for preventing regression[@bib181] and more studies are needed in this regard. Regression is one of the major complications of CK, either alone or combined with other methods, and it can be related to the degree of corneal irregularity and the degree of refractive error that causes unstable and unpredictable results[@bib168], [@bib180], [@bib182], [@bib183] and it seems to occur more commonly in younger people.[@bib184] Also, in the first few days after surgery, patients complained of foreign body sensation and light sensitivity.[@bib169], [@bib170], [@bib175], [@bib182], [@bib185] In one case report, corneal iron ring deposits were reported in a 54-year-old woman treated for hyperopia using CK after one year of follow-up[@bib186] and one case of corneal perforation was reported in an elderly patient who received CK for the treatment of induced astigmatism two years after LASIK, which was probably on account of the previous surgery.[@bib187]

Gene therapy {#sec2.8}
------------

Studies have shown that although keratoconus is a multifactorial disease, the pathogenesis of the disease is very much affected by genetic factors and positive family history with a rate of 5% to 28%.[@bib188], [@bib189], [@bib190] According to one study, those with a family history of the disease are 15--67 times more likely to develop the disease.[@bib191] There may be a correlation between keratoconus and consanguineous marriages.[@bib6], [@bib7], [@bib8] Studies in twins and dizygotic and monozygotic comparisons and observing concordance in dizygotic twins indicate the genetic influence in the incidence of disease.[@bib17], [@bib192], [@bib193] Linkage analysis in families can help detect patterns showing which chromosome region is modified[@bib194] which exist at least in candidate genetic loci19[@bib195] and another linkage locus such as locus chr5q32-33, chr14q11.2, chr16q22.3-q23.1.[@bib196], [@bib197] Genome studies can find highly complex genetic factors associated with keratoconus; ZNF469 was found in 23% of sporadic Keratoconus[@bib198] and seems to play an important role in disease progression. A large number of candidate genes associated with keratoconus pathogenesis have been identified, among which, visual system homeobox 1 (VSX1) and superoxide dismutase 1 (SOD1) are the most notable.[@bib195] In a study by Saee-Rad et al. In Iran, after RNA extraction from normal and keratoconus corneas, three SOD1, TGF-β1, and DUSP1 genes were studied. Of these, TGF-β1 and DUSP1 genes were found to have an effective role in the development of inflammatory processes and can be helpful for better understating of the pathogenesis of the disease.[@bib199] In gene therapy, the gene of interest is delivered into the target cell using a vector and genetic expression begins with protein synthesis.[@bib194] Gene therapy can be a very promising and effective way to change the course of the disease upon identifying pathogenic genes and changing the structure of cell proteins.

Bowman layer transplantation {#sec2.9}
----------------------------

Bowman layer transplantation (BL transplantation) is a novel surgical technique proposed by Digk et al., in 2014.[@bib200] In keratoconus, corneal ectasia occurs as the bowman layer destabilizes and undergoes layer fragmentation with disease progression. Therefore, novel treatment modalities aim to graft an isolated bowman layer in the mid-stroma in order to improve corneal stability and prevent disease progression and ectasia.[@bib201] In this method, a pocket is created in the mid-stroma where an isolated bowman layer as inlayed. The graft is prepared manually by dissecting a layer from the anterior stromal cornea of the donor, about 9--11 mm in diameter. This technique is suitable for very thin corneas to prevent corneal perforation. The prepared graft is rinsed with BSS and stained with tryptan blue, and then placed into the pocket through a sclera tunnel. The first steps of the procedure are similar to DALK, but overall, this method is a substitute to delay DALK and PK. It is recommended for cases who are contact lens intolerant or have a corneal scar, and after surgery, patients are able to wear lenses for longer durations. After the preliminary study, patients were followed up for 3 years, and results showed that mean keratometry reduced from 77.2 ± 6.2 to 69.2 ± 3.7 D and mean pachymetry increased from 332 ± 59 before surgery to 360 ± 50 μm after surgery. Mean visual acuity was also improved by 1--2 lines of BCVA.[@bib200], [@bib202] Higher order aberrations, especially spherical aberration, had a appreciably decreased in both the anterior and posterior corneal surfaces.[@bib203] With this method, the risk of graft rejection and steroid overuse is reduced. In most patients disease progression is stable and under control, and functional vision is improved. Potential complications include DM perforation which is observed in about 6% of patients, and in such cases, PK or DALK may be used for the patient.[@bib200], [@bib202]

Today, several treatments are available for keratoconus. Glasses and contact lenses are used in early stages of keratoconus, CXL is applied to stabilize disease progression, ICRS flatten the cornea and are used to reduce refractive errors, and PK and DALK, conductive keratoplasty, gene therapy and recently BL are performed in advanced stages of the disease.

Although there is no single algorithm for the treatment of keratoconus, the general rule is the maximum use of CXL to prevent disease progression and concurrent or complementary treatments such as ring and intraocular lenses and minimizing the need for corneal grafting in mild to moderate cases to maintain vision in these patients. Contact lenses still have an important role as an effective option.

Combined approaches such as CXL and PRK are new horizons for mild cases of keratoconus. Today, modern technology is very useful in understanding the pathophysiology and the diagnosis of keratoconus. Although improved surgical techniques and the use of femtosecond laser is helpful towards visual rehabilitation, it seems patient selection is the most important factor for proper management and achieving optimum results. In the future, further advances in treatment methods for keratoconus will make it exciting for specialists to choose the most appropriate method for each patient and predict outcomes.
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[^1]: BCVA: Best corrected visual acuity, UCVA: Uncorrected visual acuity, Kmax: Maximum curvature, D: Diopter, logMAR: The Logarithm of the minimum angle of resolution, CXL: Corneal cross-linking, tPRK: Transepithelial photorefractive keratectomy.

[^2]: BCVA: Best corrected visual acuity, UCVA: Uncorrected visual acuity, D: Diopter, logMAR: The logarithm of the minimum angle of resolution, PIOL: Phakic intraocular lens, TICL: Toric implantable collamer lens, DALK: Deep anterior lamellar keratoplasty.
